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Over the last few decades, a plethora of methods 1, 2, [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] have been developed to realize numerous pulsed laser systems with performances specially tailored to respond to the needs of various applications. These devices range from Q-switched lasers 6,7 allowing high pulse intensities at low repetition rates with high noise figures utilized for, e.g., material processing 8 , to passively modelocked laser systems 1,9-11 enabling the generation of highly stable frequency combs for radiofrequency (RF) synthesis 12 and metrology 16 , as well as intense ultra-short attosecond pulses for the study of strong-intensity light-matter interactions such as higher-order nonlinear effects in gases and plasmas 17 . Simultaneously, many advances have been made to realize smaller, energy efficient and less complex laser systems 18 . These have relied on developing innovative modelocking techniques and devices, such as semiconductor saturable absorber mirrors 13, 14, 19 , nonlinear-polarization rotation 10 or nonlinear amplifying loop mirrors (NALM) 15, 20, 21 .
Such innovations have allowed to realize compact mode-locked fiber lasers, which are now increasingly replaceing the previous bulky solid-state pulsed sources.
While many schemes for generating a stable coherent train of "ultra-short" laser pulses are nowadays available, they provide only limited success in generating stable nanosecond (ns) pulses. By using volatile Q-switched operation in dye-22 and fiber-based lasers 23 We exploited a polarization-maintaining figure-eight NALM laser architecture 15, 20 as shown in Figure   1 , consisting of a NALM section and an amplification stage. In the NALM section, clockwise
propagating light is first amplified (via a semiconductor optical amplifier, SOA) before entering the nonlinear element (in our case an integrated microring resonator -see Methods), while the counterclockwise propagating light passes through the nonlinear element before being amplified. The intensitydependent nonlinear phase shift difference between the two inputs of the 50:50 beam splitter (50:50 splitter in Figure 1 ) enables the light splitting ratio to be controlled by the intensity. Such a NALM mimics the behavior of a saturable absorber and has therefore been widely used for passive modelocking 2, 19 . To provide the required gain for laser operation, we introduced an amplification stage including an Erbium-doped fiber amplifier (EDFA) along with an isolator and a 90:10 output coupler.
In the past, a large variety of non-resonant nonlinear elements have been used within the NALM section in order to obtain the required nonlinear phase-shift for mode-locking operation. The novelty of our method relies on the implementation of a resonant nonlinear medium that acts as an ultra-narrowband spectral filter, while providing large field enhancement. This configuration enables, in turn, sufficient nonlinear phase-shifts for low-power narrow-bandwidth passive modelocking. Specifically, we used a high-Q microring resonator fabricated in a CMOS-compatible high refractive index silica-based glass 29 with a measured Q-factor of 1,300,000, a free spectral range (FSR) of 200 GHz and an associated resonance bandwidth of around 150 MHz. Additional 200 GHz bandpass filters centered at 1556 nm were used to select a specific ring resonance. When turning on and increasing the amplifiers' driving currents, the laser first entered a selfstarting single-pulse lasing operation regime, whereas at higher driving currents the laser exhibited complex dynamics including multi-stability, soliton bunching or even chaotic pulsing 30.
In the stable pulsed regime (on which we focus here), the laser emitted a pulse train with a =9. Figure 2b ) with a duration of 4.31 ns (FWHM) and a low temporal jitter of ±0.13 ns. With an average optical output power of ~2.5 mW, the passive mode-locking of nanosecond pulses was achieved at peak powers as low as ~60 mW. Interestingly, even using intrinsically very noisy amplifiers (SOAs), the pulse train stability was still excellent (< 2.3% RMS).
In contrast to previous reports of mode-locked nanosecond pulsed lasers that were featured by hundredGHz-wide spectra 14, 26, 27 , the bandwidth of our laser system is in the hundred-MHz range, and thus not accurately resolvable with the resolution and stability of common optical spectrum analyzers, nor measurable with standard pulse characterization techniques (e.g. SPIDER, FROG). At the same time, the spectral width of the laser is compatible with the bandwidth of widely-available photo-detectors and signal-processing electronics (i.e. ~GHz range or less). In this case, the coherent beating between the mode-locked laser field and a stable CW laser field allows us to map the entire optical spectrum into the RF domain. The RF spectrum (in Figure 3a) reveals two prominent parts whose envelope is associated with i) the intensity Fourier transform (FT) of the pulse (lower frequency part -green shading) and ii) the so-called beat note (higher frequency part -red shading), which relates to the electric field spectrum of the pulse (see Methods). The beat note, centered around 1,600 MHz, allows us to resolve not only the spectral shape but also the comb-like structure of the mode-locked laser associated with its repetition rate (i.e. each oscillating laser mode corresponds to a different beat frequency). The ultra-narrow bandwidth of our laser also permits the retrieval of additional information concerning the mode-locking properties of the system, such as the coherence of the spectral modes. In particular, the intensity FT, related to the lower-frequency part, describes the intermodal beating of each comb mode with the others, once the comb-like frequency distribution is taken into account (see Methods).
For previous (large bandwidth) mode-locked lasers, the entire shape of this convolution was not resolvable due to bandwidth limitations of the electronics and photo-detector. However, in our case, the laser characteristics enable us to resolve the relative contributions of the spectral wings (i.e. frequencies that are outside the FWHM) to each RF tone (red crosses in Figure 3c -see Methods). Considering the different contributions to the RF spectrum, we compared the beat note at = 9.565MHz and at 26 -see inset of Figure 3c . For both cases, the convolution linewidths perfectly matched, allowing us to conclude that the mode linewidths remain equal over the whole comb (within the measurement uncertainties), thus demonstrating the coherent locking of all laser modes.
Finally, our laser scheme is highly flexible in terms of central lasing frequency and bandwidth. By exploiting a micro ring with a resonance bandwidth of 650 MHz (corresponding to a Q-factor of 300,000), we also achieved mode-locking operation with 0.57 ns bandwidth-limited pulses, demonstrating the tunability in pulse width offered by this approach. Moreover, we achieved modelocked operation at several wavelengths by selecting different resonances with suitable filters.
Additional wavelength fine-tuning over the FSR of the resonator was obtained through thermal control with a temperature-frequency dependence of 1.86 GHz/°C, see Figure 4 .
With the bandwidth and wavelength fine-tuning capability, the pulsed laser presented here is perfectly suited to excite nonlinear high-Q cavity resonances and narrowband atomic/molecular transitions. In this regard, the beating technique used here allows an easy spectral analysis of the probed sample, providing a practical tool for characterization.
In conclusion, the unique combination of record-narrow spectral bandwidth and resulting high spectral density, along with low power operation and large tunability of the emitted frequency, make this laser very versatile and extremely useful for a large number of applications. The compact architecture, and modest requirements in terms of power, readily allow for stable and portable operation, while opening up a route towards the full integration of the laser system.
Together with the possibility to resolve the full laser spectrum in the RF domain, such characteristics will pave the way towards novel sensing and spectroscopy implementations. From a fundamental perspective, the low and tractable number of modes (11 within the spectral FWHM), may enable further studies of both nonlinear mode coupling and complex mode-locking regimes. with a CW laser, the complete laser spectrum can be mapped into the RF spectrum. The RF spectrum can be divided into the beat note and the intensity Fourier transform (FT) parts, respectively. b, Beat note (red crosses), ideal Fourier-limited spectrum obtained from the temporal pulse profile (dash-dotted purple line), spectrum obtained from the temporal pulse profile assuming an additional temporal phase modulation due to the Kerr effect (blue solid line), and high-resolution optical spectrum analyzer measurement (green dashed line). The deviations of the measured beat note (red crosses) from the fit in the central part can be mainly attributed to measurement uncertainties stemming from a small signalto-noise ratio of the beat signal between pulses (which can be improved through the use of a stronger signal and a low-noise photo detector). c, Experimental intensity FT from the beating measurement (green crosses), in good agreement with the calculated values (blue solid line). The contribution of the spectral wings (that is, the spectral components outside the spectral FWHM) to the RF tone is shown as red crosses. Inset: spectral shape of the 1 st RF tone (for which the impact of optical frequencies within the spectral FWHM is ~90%) and 26 th RF tone (for which, conversely, the impact of optical frequencies outside the spectral FWHM is ~90%). ). The microring resonator was vertically coupled to two bus waveguides, forming a four-port configuration. The input and output bus waveguides were featured with mode converters and were pigtailed to polarization maintaining singlemode fibres, resulting in coupling losses of 1.6 dB per facet.
Experimental characterization:
The pulse temporal measurements were conducted with a fast photodetector (10 GHz -Lab Buddy DSC-R403), which was connected to a high-bandwidth realtime oscilloscope (8 GHz -Tektronix DPO 70804). The optical spectrum measurements were performed with a high-resolution optical spectrum analyzer (Apex AP2043B), having measurement uncertainties of ±37.5MHz.
Beating measurement:
We used a highly stable CW laser (local oscillator from Apex AP2043B, linewidth <100kHz) and superimposed it through a fiber coupler to the output of the mode-locked laser.
The beat note was measured using the fast photodetector connected to the high-bandwidth real-time oscilloscope.
The electric field of the CW laser is defined as: = exp ( term -the intensity FT-is related to the convolution of the electric field spectrum of the mode-locked laser with its time-reversed complex conjugate (corresponding in our case to the lower frequency part). Figure 3b , we compare the spectral shape measured from the beat note (red crosses) with the ideal Fourier-limited spectrum (dash-dotted purple line) calculated from the fitted temporal pulse profile (see Figure 2b) , i.e. ̃ = ℱ[ ( )]. It can be observed that the high intensity central part of the Fourier-limited spectrum agrees well with the measured values, however, discrepancies appear on the spectral wings, which are slightly broader for the measured spectrum than for the ideal Fourier-limited case. Although a dispersive pulse broadening effect could be responsible for these discrepancies (i.e. not transform-limited pulse), we estimated that for such a ~100 MHzbandwidth, dispersive pulse broadening factors originating from the laser elements are of the order of 10 −6 per meter, and are thus negligible. A more plausible explanation arises from a temporal phase modulation generated through the nonlinear Kerr effect acting within the microring resonator. The blue solid line in Figure 3c shows the calculated spectral profile of the pulse assuming an intensity-dependent Intensity FT -The lower frequency part of the RF beating spectrum (green crosses, see Figure 3c ) can be related to the convolution of the pulse electric field spectrum with its inverse complex conjugate ̃( ) * ̃ * (− ). Taking into account the comb nature of the mode-locked laser, this convolution can be interpreted as the beating of all laser modes with each other (i.e. the first RF tone is the sum of the beat intensities from next neighbouring frequency components, the second RF tone is the sum of beat intensities from second-next neighbouring frequency components, etc.). This implies that higher frequency RF tones have higher contributions from the spectral wings. By numerically calculating this convolution for a comb spectrum that only includes frequencies outside the FWHM (i.e. only counting the modes in the spectral wings) and comparing it with the result for a complete spectrum (i.e. including all frequency modes), we could retrieve the relative contribution of the spectral wings to each RF tone (red crosses in Figure 3b ).
RF analysis: Beat note -In

